INTRODUCTION
The Mre11-Rad50-Nbs1 (MRN) complex is a keystone complex that recognizes double-strand break (DSB) damages and responds with nonhomologous end joining (NHEJ) and homologous recombination (HR) pathways (D'Amours and Jackson, 2002; Stracker and Petrini, 2011; Wyman and Kanaar, 2006) . In the NHEJ pathway, MRN is believed to participate directly in DNA end bridging and DNA end joining, which is stimulated by Ku70/Ku80 Palmbos et al., 2008; Paull and Gellert, 2000) . In the HR pathway, the MRN complex recognizes, processes, and tethers the DNA ends, to which additional DNA damage signaling proteins such as ATM kinase and/or Sgs1-RPA-Dna2 are recruited Cejka et al., 2010; Paull, 2004, 2005; Nimonkar et al., 2011; Niu et al., 2010) . In addition to the repair of DNA DSBs and cell cycle checkpoint signaling, the MRN complex plays an important role in telomere maintenance, mating type switching, meiotic recombination, and suppression of gross chromosomal rearrangement (Mimitou and Symington, 2009 ).
Mre11 plays an essential role in repairing DNA by cleaving broken ends through its 3 0 to 5 0 exonuclease and single-stranded DNA endonuclease activities, as well as hairpin nuclease activities Gellert, 1998, 1999; Trujillo et al., 1998 Trujillo et al., , 2003 Trujillo and Sung, 2001 ). In addition, Mre11 provides a surface for other DNA repair proteins and checkpoint factors which link the Mre11 complex activities to a wide variety of cellular processes (Carney et al., 1998; Desai-Mehta et al., 2001; Dolganov et al., 1996; Usui et al., 1998) . Structural studies of archaeal and bacterial Mre11 homologs have revealed that Mre11 forms a dimer (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) . These Mre11 homologs consist of the nuclease domain containing the active site and the capping domain, which provides selectivity concerning DNA substrates, and they dimerize through the interaction between the two helices by forming a four helix bundle (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) . The dimerization of Mre11 is crucial as it functions as a frame for Rad50 and DNA binding (Lim et al., 2011; Williams et al., 2008) .
Nbs1 (also known as Nibrin or p95) is only present in eukaryotes and shares weak sequence similarity to Xrs2, a homolog from budding yeast. Nbs1 plays key roles in the DNA-damagecheckpoint signaling functions of the MRN complex through interactions with a number of proteins, such as Mdc1 (mediator of the DNA-damage checkpoint 1) and ATM (Falck et al., 2005; Lukas et al., 2004; You et al., 2005; Zhao et al., 2000) . Nbs1 does not exhibit any enzymatic activity. However, the presence of Nbs1 in the human MRN complex provides several important features that are not observed in the human MR complex (Paull and Gellert, 1999; Trujillo et al., 2003) : it stabilizes the MR-DNA complex, changes the substrate specificity for the endonuclease activity, alters activities of Rad50, allows efficient opening of fully paired DNA hairpins, and partial unwinding of DNA. Nbs1 plays a critical role in maintenance of genomic stability, as a mutation in the gene causes Nijmegen breakage syndrome (NBS), a rare autosomal-recessive human disease characterized by immune disorders, microcephaly, growth retardation, hypersensitivity to ionizing radiation, and predisposition to lymphoid cancers (Carney et al., 1998; Desai-Mehta et al., 2001; Varon et al., 1998) . Sedimentation equilibrium analysis has revealed that hMre11 and hNbs1 form a 1:1 complex (Lee et al., 2003) . Nbs1 makes direct interactions with Mre11 through distinct motifs within its C-terminal region (Desai-Mehta et al., 2001) .
Mre11 is a crucial component in the maintenance of genomic instability. Null mutations in mouse Mre11 cause early embryonic lethality (Buis et al., 2008; Xiao and Weaver, 1997) . Deficiency of Mre11 leads to pleiotropic phenotypes such as hypersensitivity to DNA damage, telomere shortening, and inability to carry out meiosis (Moreau et al., 1999) . Aberrant reduction or loss of the MRN complex due to an Mre11 mutation is highly associated with some cancers (Bartkova et al., 2008; Fukuda et al., 2001; Giannini et al., 2002; Sjö blom et al., 2006) . Hypomorphic mutations in the gene encoding Mre11 causes cancer predisposing genome instability syndrome and ataxia telangiectasia-like disorder (ATLD) (Stewart et al., 1999) .
Although structural studies of bacterial and archaeal Mre11 have provided important insights into the understanding of Mre11 function in DSB repair, the relatively weak similarity (<15% sequence identity) including the presence of several insertions of the loops and secondary structures hampers the understanding of the relationship between Mre11 mutations and diverse types of cancers. For instance, Asn117 and Trp210, which are frequently mutated in tumor cells, are not present in archaeal or bacterial Mre11 (Fernet et al., 2005; Lee et al., 2003; Stewart et al., 1999) . As a result, the current available information does not clearly explain the basis of the Mre11 mutational effects in human cancer. There are also functional differences that cannot be explained by the structures of bacteria or archaeal Mre11 homologs; bacteria and archaea do not possess a Nbs1 homolog, which indicates some functional and structural differences in Mre11 interfaces between eukaryotic Mre11 and the archaeal/ bacterial Mre11 homolog where other proteins interact. Binding to other DNA damage response proteins is a key feature of MRN. Recent eubacterial TmMre11 studies have shown that the dimeric arrangement is significantly different from that of PfMre11 or MjMre11 (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) .
Human Mre11 is formed by two regions: the N-terminal core domain containing the nuclease and capping domains, and the C-terminal half containing the DNA binding and GAR domains (D'Amours and Jackson, 2002; Stracker and Petrini, 2011) . While the N-terminal domain, which is responsible for Nbs1 binding and nuclease activity, is conserved in all species, the C-terminal domain is distinct only in mammalian Mre11 (D'Amours and Jackson, 2002; Stracker and Petrini, 2011) .
Here, we report the crystal structure of the human Mre11 core (referred to hereafter as the hMre11 core) determined at 3.0 Å resolution. The hMre11 core structure forms a dimer, which displays remarkably different dimeric arrangements compared with bacterial or archaeal Mre11 homologs. Such a novel dimeric architecture is primarily due to the presence of the Nbs1-binding loop, which prevents the helix-to-helix mediated dimeric arrangement observed in bacterial-and archaeal Mre11 proteins (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) . The crystal structure in conjunction with biochemical analyses of hMre11 explains the basis for Mre11-associated tumorigenic mutations and provides information on the Nbs1 binding site.
RESULTS AND DISCUSSION
hMre11 Core Forms a Dimer with Efficient Nuclease Activity We have used a truncated version of human Mre11 (residues 1-411; hMre11 core) for crystallization, since initial attempts to obtain crystals with longer hMre11 constructs were unsuccessful. The prediction using the IUPRED program suggested that the N-terminal region of hMre11 forms a folded structure, whereas the C-terminal region is disordered (see Figure S1 available online) (Dosztá nyi et al., 2005) . The crystal structure has been determined by the single-wavelength anomalous dispersion (SAD) method using the Se-Met-substituted hMre11 core. The final hMre11 structure contains four hMre11 cores with residues 7-400 and eight Mn 2+ ions, two dithiothreitol (DTT) molecules, 15 glycerol molecules, and 72 water molecules (Table 1) .
A previous yeast two hybrid analysis revealed that residues 430-530 are required for hMre11 dimerization (Chamankhah , 1998) . However, the present gel filtration and analytical ultracentrifuge analyses have shown that the hMre11 core containing the nuclease and capping domains is sufficient for dimerization ( Figure S2 ). Furthermore, four hMre11 core molecules in an asymmetric unit form two dimers with a virtually identical overall architecture ( Figures S3A and S3B ). The same arrangement of the two hMre11 dimers in an asymmetric unit strongly supports the suggestion that the hMre11 core forms a dimer. We analyzed the exonuclease activities of the hMre11 core using 32 P-labeled substrates TP811/812 (labeled on the 5 0 end) and TP580/124 (labeled on the 3 0 end). We also examined the activity of the hMre11 core on a DNA hairpin substrate with a 14 nucleotide mismatched loop and 16 paired nucleotides (DAR134 with a 5 0 labeled end). The hMre11 core efficiently cleaved the substrates in a time-dependent manner, exhibiting 3 0 -5 0 exonuclease and endonuclease activities in the presence of Mn 2+ ions ( Figure 1A ).
Overall Structure of the hMre11 Core
The four hMre11 cores in an asymmetric unit have a virtually identical structure with an rms deviation of 0.6 to 0.7 Å for 375 Ca atoms ( Figure S3B ). Of the two dimers, one (C and D in Figure S3A ) contains more residues and the following description focuses on this dimer. The dimensions of the hMre11 dimer are 50 3 65 3 120 Å . The hMre11 core comprises two a/b fold domains, a larger N-terminal nuclease domain and a smaller C-terminal capping domain ( Figures 1B and 1C) . The hMre11 nuclease domain (magenta), which resembles the carcineurinlike Ser/Thr phosphosesterase, consists of seven helices and 17 strands, and the capping domain (green) is composed of three strands packed by two helices on one face ( Figure 2A ; Figure S4 ). Dimerization results in the burial of approximately 1850 Å of the surface area of the hMre11 core, which is substantially larger compared with that of PfMre11 (1450 Å ), MjMre11 (1727 Å ), or TmMre11 (1580 Å ). Compared with these bacterial and archaeal (A) Kinetic analysis of the nuclease activities of free hMre11. Exonuclease activities were measured using two different substrates (lanes 1-4 and 5-8) and endonuclease activity was measured using a hairpin with a dumbbell containing a 14 nt mismatch loop (lanes 9-13). Exonuclease assays were performed with 2 mM of proteins in 1 mM MnCl 2 on a fully paired substrate (TP811/812) with 32 P-labeled on 5 Mre11 proteins, hMre11 forms a markedly more compact monomer structure and the angle between capping domain and nuclease domain is approximately 76 , which is smaller than that of PfMre11 (95 ) and TmMre11 (92 ) (Figures 2A-2C ). It has been suggested that the capping domain may be important for substrate selectivity (Das et al., 2010; Williams et al., 2008) . Thus, differences in the angle between the hMre11 capping and nuclease domains with those of other Mre11 homologs raise the possibility that the substrate specificity between hMre11 and archaeal or bacterial Mre11 proteins may be different.
Structural Comparison of the hMre11 Core with Bacterial and Archaeal Mre11
The overall structures of the two archaeal Mre11 proteins, PfMre11 (PDB ID: 1II7) and MjMre11 (3AVZ), are relatively similar compared with TmMre11 (2Q8U) and hMre11 (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) . Thus, we focus on structural comparison analyses of hMre11, PfMre11, and TmMre11. Both nuclease and capping domain structures exhibit notable differences from those of archaeal and bacterial Mre11 homologs, although the structure of the hMre11 nuclease domain is more similar to the equivalent domain from these Mre11 proteins (Figures 2A-2C ) (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) .
Compared with the PfMre11 and TmMre11 structures, the monomeric structure of the hMre11 core has several unique features, some of which might result in differences in function and dimeric architecture between hMre11 and archaeal Mre11 homologs . First, residues 26-32 form a short turn (b1-a1, shown in blue), whose direction is different from the corresponding residues from PfMre11 or TmMre11 (Figures 2A-2C ). In PfMre11, the equivalent region protrudes into a minor groove of the DNA (Williams et al., 2008) . When the DNA molecule from the PfMre11-DNA complex is superimposed on hMre11, this turn does not plug into the minor groove of DNA, indicating that the orientation of the bound DNA could be different in hMre11. Second, residues 84-119 from hMre11 form a long loop (a2-b3, shown in yellow), which is not present in PfMre11 or TmMre11, and packs against strand b6 ( Figure 2A ). The presence of this loop is important for hMre11 as the following loop (b3-a3, blue) as well as parts of this loop (a2-b3) contribute to hMre11 dimerization. Importantly, loop a2-b3 is responsible for the binding of Nbs1 (see ''A Nbs1 binding site in hMre11'' section).
Third, loop b4-b5 (shown in green) in hMre11 is much shorter than the corresponding region (108-132) of PfMre11 and has a completely different arrangement from that of PfMre11, being packed against its dimeric partner (b3-a3) (Figures 2A and 2B ; Figure S5 ). In the two superimposed structures, the corresponding region in PfMre11 forming a three stranded sheet (108-132) overlays with the Nbs1 binding loop (94-103) in hMre11. As shown in Figure S5 , a part of this region (residues 108-114, green) in PfMre11, which is superimposed on one hMre11 monomer, would collide with a loop (residues 132-138, blue) from another hMre11 monomer. Fourth, strands b6 and b7 and the intervening loop of hMre11 extend toward the N terminus and stabilize it, and interact with loop b13-b14. Fifth, loop b8-b9 (yellow) is much longer in hMre11 than that of PfMre11 or TmMre11. This loop contains Arg202 and Trp210 which are associated with breast cancer and ATLD, respectively (Bartkova et al., 2008; Fernet et al., 2005) . In the capping domain of hMre11, substantial differences exist in the length and orientations of the loops compared with those of PfMre11 or TmMre11. The relative orientation of the capping domain against the nuclease domain in hMre11 is notably different from that of PfMre11 or TmMre11, in that the capping domain is directed closer toward the active site of the nuclease domain, and it is more closely packed against the nuclease domain in hMre11 compared with that in bacterial or archaeal Mre11 (Figures 2A-2C ). In general, helices and loops in the hMre11 capping domain are relatively longer than those of PfMre11 or TmMre11. In particular, the orange colored loops b15-a7 and a7-b16 have substantially different conformations from the equivalent loops of pfMre11 or TmMre11. Two additional strands (b12 and b13) observed in the capping domain in PfMre11 are absent in the capping domain in hMre11, TmMre11, or MjMre11, suggesting that the hMre11 capping domain with three strands is closer to the canonical structure (Das et al., 2010; Hopfner et al., 2001; Lim et al., 2011; Williams et al., 2008) .
Dimeric Arrangement of hMre11
Notable differences occur in the dimeric interface between PfMre11 and TmMre11 (Das et al., 2010; Hopfner et al., 2001) . While PfMre11 and TmMre11 dimerize through four helix bundle using helices H2 and H3, they exhibit substantially different dimeric arrangement in the relative orientation ( Figures 3B and  3C ). The dimeric arrangement of MjMre11 is similar to that of PfMre11 (Hopfner et al., 2001; Lim et al., 2011) . In the PfMre11 dimeric interface, helices H2 and H3 from one Mre11 are packed in parallel against helices a3 and a2 from another Mre11, respectively, whereas in the TmMre11 dimeric interface, helix H3 from one Mre11 is packed between helices a3 and a2 from another Mre11. PfMre11 is assembled into a relatively compact dimer, whereas the TmMre11 dimer adopted a more extended form ( Figures 3B and 3C ). The hMre11 dimeric interface is totally different from those of PfMre11 and TmMre11 ( Figure 3A ). hMre11 dimerizes primarily through the two interfaces: the first interface is formed between loop a2-b3 from one hMre11 and helices H2 and H3 from another hMre11 ( Figures 3A and 3D ). The second interface is formed between loop b3-a3 from one hMre11 and loop S4-S5 from another hMre11 (Figures 3A and 3E) . Figure 3D shows the first interface, where loop a2-b3 (magenta) fits into the cavity formed by helices H2 and H3 (orange). Here, Phe106 from loop a2-b3 protrudes into a hydrophobic pocket formed by Leu72 and Leu76 (helix H2) and Ile143 and Ala147 (H3). Ser104 forms a H-bond to His73 (H2). Cys146 (a3) forms a disulfide bond with each other, despite the presence of 2mM DTT and 4mM reduced glutathione (GSH) in the crystallization mixture (we note that the crystals appear within 24 hr). To examine the importance of this disulfide bond, we mutated the Cys residue to Ala (we also generated Cys to Arg mutant and it was also eluted as a monomer in gel filtration analysis, data not shown). Both gel filtration and analytical ultracentrifugation analyses showed that the Cys146Ala mutation clearly perturbed the dimeric interface ( Figure S2 ). This observation was further confirmed by an additional biochemical analysis, in which the Cys146Ala (or Cys146Arg) mutant displayed decreased nuclease activities and attenuated Nbs1-binding (see below). In the second interface, loop b3-a3 (light blue) from one hMre11 interacts with loop S4-S5 from another hMre11 (orange), and establishes interactions primarily through van der Waals contacts and H-bonds ( Figure 3E ): Pro132 and Thr133 (b3-a3) make van der Waals contacts to Met157 (S4-S5), and Leu138 interacts with the aliphatic chain of Asp142 and Leu138 from another hMre11. Furthermore, several water-mediated H-bonds support the stability of this interface. The different dimeric arrangement of hMre11 compared with that of PfMre11 and TmMre11 largely stems from the different monomeric conformation of hMre11, as described above.
Leu61, Ile65, Leu97, and Phe101 are involved in PfMre11 dimerization (Hopfner et al., 2001; Williams et al., 2008) . However, the equivalent residues located in different positions in the hMre11 core establish intramolecular interactions with nearby residues, and none of these residues form a dimeric interface ( Figure S6A ). In TmMre11, interactions between Leu75, Phe102, and Phe105 from the two Mre11 molecules are a central feature in the formation of a dimeric interface (Das et al., 2010) . In hMre11, Leu76 (Leu75 of TmMre11) is at the interior and stabilizes helix H3 through hydrophobic interactions ( Figure S6B ). Ile143 and Cys146 from hMre11 occur in a similar position to Phe102 and Phe105 from TmMre11, respectively, and interact with Phe103, Phe106 (a2-b3), Leu138, and Cys146 from another hMre11 ( Figure S6B ).
Active Site of hMre11
Two Mn 2+ ions are located at the active site in the hMre11 core (nuclease domain), which comprises residues from loops b1-a1, b2-a2, b3-a3, b7-a4, b9-a5, b10-b11, and b12-a6. The active site geometry is virtually identical in the four hMre11 core molecules ( Figure 4A ). apart. The metal-coordinating residues are the same at the active site compared with that of PfMre11 (Hopfner et al., 2001) . While there are overall similarities between the active site of hMre11 and archaeal Mre11 proteins, some differences (boxed residues in Figure 4 ) are observed. These differences are largely limited to residues that interact with metal-coordinating residues, and all these residues are conserved in eukaryotes (Figure S4 ; Figures 4A-4C) ; Asp20 is stabilized through a H-bond with Thr19. Two conserved residues in eukaryotic Mre11 proteins, Ser268 and Glu278, form H-bonds with His247 and stabilize this histidine. Asn219, another conserved residue, interacts with His245.
Two histidine residues, His63 and His129, are located near His22 ( Figure 4A ). In PfMre11, the equivalent residues have been proposed to play a stabilization role for the leaving nucleotide (Hopfner et al., 2001 ). The corresponding residues of His63 and His129 are also present in TmMre11 (His61 and His94, respectively) but in different conformations. Despite the significant differences in dimeric architecture, the similar metal binding site suggests that the DNA cleavage mechanism is expected to be conserved in both archaeal and eukaryotic Mre11.
A Nbs1 Binding Site in hMre11 hMre11 forms a 1:1 complex with Nbs1 (Lee et al., 2003) . In vitro binding studies have shown that the Mre11-binding site is located in the C-terminal region of Nbs1 and that the Nbs1-binding site is within the hMre11 nuclease domain (Desai-Mehta et al., 2001; D'Amours and Jackson, 2002) . Previous biochemical analyses have revealed that the Asn117Ser mutant of hMre11 found in ATLD 3/4 alleles usually fails to bind Nbs1 and exhibits attenuated nuclease activity (Lee et al., 2003) . Thus, part of the Nbs1 binding site is likely located in the region near Asn117 of Mre11. To identify a Nbs1 binding site, we generated several mutant proteins by replacing residues in or near loop a2-b3 where Asn117 occurs, and examined their binding to GST-Nbs1 (residues 440-754) ( Figure 5A ). First, we deleted part of the a2-b3 loop (87-117). The hMre11 mutant lacking this loop showed no Nbs1-binding activity and also failed to (A) The hMre11 local active site geometry is shown for Mn 2+ ion (red spheres). While metal coordinating residues are identical to those of PfMre11, surrounding residues that stabilize the metal-bound residues are different from those of (B) PfMre11 or (C) TmMre11, and these residues are boxed. See also Figure S4 . N21 N21 N N21 N21 N21 N21 N21 N21 N21 N21 N21 N21 N21 N21 N21 N21 N2 N2 N21 N2 N21 N21 N21 N N21 N21 N21 N2 N N2 N N2 N2 N2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 N20 N20 N20 N20 N20 N2 N20 N20 N20 N20 N20 N20 N20 N20 0 20 N20 N20 N2 N2 20 N20 N2 N2 20 N2 N2 N2 2 N2 N20 0  N N N N N2 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8   β9 β β β β β9 β9 β9 β9 β9 β9 β9 β9 β9 β9 β9 β9 β9 β9 β β9 β9 β9 β9 β β β β9 β9 β β β β9 β9 9 β9 9 9 β9 β9 9 9 β9 β9 9 9 9 9 β9 β9 β9 β9 9 β9 9 9 β9 9 β9 β β9 β β β9 9 9 β β β9 9 9 β9 β9 9 β β9 β9 β9 β9 β9 β9 9 β9 β9 β β β β β β β β β β7 β1 β1 β1 β1 β β1 β β β1 β β β β1 β1 β1 β1 β β1 1 β β1 β1 β1 β1 β1 β β1 β1 β1 β1 β1 β1 β1 1 β1 β1 β1 β1 1 β1 β1 β1 β1 1 1 β1 β β1 β1 β1 F F23 F23 F23 2 2 2 2 2 23 3 3 3 3 3 3 3 3 3 3  F23 F23 F23 2 2 2 2 23 3 3 3  F2 F23 F23 F23 F23 23 2 2 23 3 3  F2 F23 2 23 3 3 3 3 3 3 3 3 3  F23 F23 2 2 23 3  F23 2 2 2 2 23  F23 2 2 2 23 3  23 23 3 3  F 3 3  23 3 3 ( ( ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
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WT (44 ) S104C (44.5 ) NLD (41 ) C146A (44.5 ) W210C (42 ) R202G (44 ) N117S (44 ) A B form a stable hMre11 core dimer ( Figure 5A ; Figure S2A ). Next, we mutated Arg80 to Ala (helix a2), Asp86 to Leu, Pro88 to Trp, Asn117 to Leu, and Pro121 to Gly (loop a2-b3) ( Figures  5A-5C ). We observed that, while the hMre11 Pro88Trp mutant protein interacted with Nbs1, Arg80Ala, Asn117Leu, or Pro121-Gly mutant hMre11 protein failed to bind to GST-Nbs1. The Asp86Leu mutant was weakly associated with GST-Nbs1. Thus, we conclude that Arg80, Asp86, Asn117, and Pro121 of hMre11 contribute to Nbs1 binding. These residues are expected to provide stability to loop a2-b3 and could contribute to hMre11 dimerization ( Figure 5C ). Based on these results, we propose that loop a2-b3 of hMre11 forms part of the Nbs1 binding site.
Cancer-Associated hMre11 Mutations
Mre11 mutations have been associated with several types of cancers including breast carcinoma; ovarian, colorectal, gastric and prostate cancers; leukemia; and melanoma (Bartkova et al., 2008; Fernet et al., 2005; Fukuda et al., 2001; Giannini et al., 2002; Heikkinen et al., 2003; Sjö blom et al., 2006; Stewart et al., 1999) . The crystal structure of hMre11 provides the framework for understanding the hMre11 tumorigenic mutations ( Figures 5A-5F and 6A-6F). Loop a2-b3 plays an important role in recognizing Nbs1 ( Figure 5A ). In the hMre11 structure, this loop is stabilized through several important interactions. As shown on the left side of Figure 5C , the hydroxyl group of Ser104 forms a H-bond with the side chain of His73 from another Mre11 and stabilizes loop a2-b3. Ser104 is mutated to Cys in breast carcinoma (Fukuda et al., 2001) . To understand the basis of this mutation in tumorigenesis, we analyzed the Nbs1-bindng activity of the hMre11 Ser104Cys mutant protein. Although this mutant protein was eluted as a dimer in the gel filtration analysis (data not shown), it exhibited significantly decreased Nbs1-binding activity compared with that of wild-type hMre11 (Figure 6A ). Although we do not exclude a possibility that Ser104 directly participates in Nbs1 binding, it is also possible that Ser104 contributes to the stability of loop a2-b3 by interacting with His73. On the right side of Figure 5C , the carbonyl oxygen atoms of the main-chain Gly85 and Arg87 in this loop interact with the side chain of Asn117, which is mutated to Ser in ATLD3/4 (Stewart et al., 1999) . It has been reported that the Asn117Ser mutant fails to interact with Nbs1 (Lee et al., 2003) . Furthermore, the Asn117Ser mutant exhibited slightly decreased nuclease activities on two DNA substrates, which is consistent with the previous observation ( Figures 6C-6F ) (Lee et al., 2003) . Arg202, a conserved residue in eukaryotic Mre11, occurs in loop b8-b9. Arg202 is replaced by Gly in breast carcinoma (Bartkova et al., 2008) . The side chain of Arg202 is directed to the core, establishing an ion pair with Glu207 and forming a watermediated interaction with the side chain of Asn212 ( Figure 5D ). Importantly, the aliphatic part of Arg202 is stacked between the side chains of Phe237 and Glu207, and could contribute significantly to the local structural stability ( Figure 5D ). The hMre11 Arg202Gly mutant protein exhibits normal nuclease activities at 37 C ( Figures 6C-6F ). However, no interaction with Nbs1 is evident ( Figure 6A ). Interestingly, protein stability analysis using circular dichroism (CD) revealed that the Tm value of this mutant did not change from that of the wild-type hMre11 ( Figure 6B ). It is possible that Arg202 could contribute to local stability around the Nbs1-binding region, which may not be detected by CD analysis, as it mainly measures overall protein stability. The mutation of Phe237 to Cys is also observed in breast cancer (Sjö blom et al., 2006) . The side chain of Tyr179 is located on top of the Phe237 ring ( Figure 5D ). In addition, the ring of Phe237 is surrounded by the side chains of Asn212 (the aliphatic part), Ile238, and Asp235.
Trp210 is mutated to Cys in ATLD7/8 (Chamankhah et al., 1998) . The indole ring is packed between the ring of Pro203 and the aliphatic side chain of Lys175 ( Figure 5E ). The side chain of Trp210 makes a H-bond with the carbonyl oxygen of Glu205. In addition, the indole ring is surrounded by the side chains of Leu94 and Leu168, and plays an important role in maintaining structural integrity. Previous studies showed that mutation of Trp210 to Cys abrogates Nbs1 binding (Fernet et al., 2005) . This mutant also showed attenuated nuclease activities on two DNA substrates compared with the wild-type hMre11 core ( Figures 6C-6F) . Furthermore, overall stability of hMre11 Trp210Cys mutant was decreased compared with that of the wild-type hMre11 by 2 C ( Figure 6B ). All cancer-associated mutant proteins that we have described above displayed the same CD wavelength scan spectra, suggesting that the cancer-associated point mutation used in this study did not perturb the overall structure of the hMre11 core ( Figure S7 ).
Mutation of Arg305 to Trp is observed in ovarian cancer (Heikkinen et al., 2003) . The guanidium group of Arg305 forms an ion pair with Asp35 and makes a H-bond to the carbonyl oxygen of Lys360. Thus, the Arg305Trp mutation is predicted to perturb these interactions ( Figure 5F ). His302, although located near Pro300, Ans354, and His356, is largely exposed to the solvent. Thus, the present structure cannot explain clearly why the Tyr mutation is observed in some breast cancer cells (Sjö blom et al., 2006) . It is possible that this region interacts with the C-terminal part of hMre11 or other DNA repair proteins.
No tumorigenic mutations described above disrupted the dimeric interface of hMre11. Two interface-perturbing mutant proteins, Cys146Ala and Cys146Arg, showed notably decreased (C) Exonuclease analyses of wild-type hMre11 (lanes 3, 4), Ser104Cys (lanes 5, 6), Asn117Ser (lanes 7, 8), Arg202Gly (lanes 9, 10), Trp210Cys (lanes 11, 12), Cys146Ala (lanes 13, 14) , NLD (lanes 15, 16), and Cys146Arg (lanes 17, 18) . Reactions were performed with 1 mM of proteins in 1 mM MnCl 2 on TP811/812 (20 nM). No hMre11 core (lane 1) and the hMre11 core without Mn 2+ ion (lane 2) were used as controls. Asterisk indicates the location of the 32 P label in the substrate diagram, and arrows indicate cleavage sites. Reactions were incubated for 5 or 10 min at 37 C before separation on a denaturing polyacrylamide gel.
(D) Endonuclease activity analyses performed using a hairpin substrate (DAR134). All assay conditions were the same as those in Figures 1A and 6C . Reactions with 1 mM of proteins were incubated for 10 or 20 min at 37 C.
(E) Quantification of the DNA degradation by the wild-type and mutant hMre11 core. Three independent sets of reactions were analyzed as described in Figure 6C . The percentage of the DNA substrate remaining after the reaction was quantified using phosphorimager analysis. The error bars are calculated from the standard deviation.
(F) Quantification of the endonuclease activities by the wild-type and mutant hMre11 core as described in Figure 6D . See also Figures S6 and S7 .
nuclease activities, which is consistent with the previous observation that the nuclease activities of Mre11 are related with the formation of a dimer (Williams et al., 2008) (Figures 6C-6F ).
The hMre11-DNA Binding Model From the two PfMre11-DNA structures, we expected that part of the DNA binding site is presumably located in both the nuclease and capping domains of the hMre11 core structure (Williams et al., 2008) . In the PfMre11-DNA complex, DNA binding requires 17 residues from six loops (Williams et al., 2008) . Many of these residues are not conserved in eukaryotic Mre11 proteins ( Figure S4 ). We superimposed the synaptic-(PDB ID, 3DSC) and branched (3DSD) DNA molecules from the PfMre11-DNA structures onto the hMre11 structure ( Figures 7A and 7B ). When the synaptic DNA molecule is superimposed onto the hMre11 core, synaptic DNA interacts with Ala30, Val31, Glu64, and Asp394. In the PfMre11-synaptic DNA complex, the two synaptic DNA molecules are observed on the same side of the PfMre11 dimer such that their ends are tethered on a near trajectory, which might explain how the two DNA ends can be tethered in short distances for DSB repair ( Figure 7B ) (Williams et al., 2008) . However, in the hMre11-DNA complex model, the two DNA molecules are located at opposite face of hMre11 dimer, because of the different dimeric arrangements between hMre11 and PfMre11 ( Figure 7A ). The two DNA molecules modeled in hMre11 may be too far apart to be tethered.
When branched DNA from the PfMre11-DNA complex was superimposed onto hMre11, large parts of the DNA collided with hMre11 primarily because of the different dimeric architecture between hMre11 and PfMre11. Taken together with the difference in relative orientation of the capping domain against the nuclease domain, the distinctive dimeric arrangement of hMre11 suggests that the DNA binding mode to hMre11 may not be same as the DNA binding by the bacterial/ archaeal Mre11 homolog. It is possible that the C-terminal DNA binding region of hMre11, which is unique to eukaryotic Mre11 could support DNA binding to the N-terminal core, although this speculation requires further study ( Figure 2B ) (D'Amours and Jackson, 2002; Stracker and Petrini, 2011) .
Conclusions
The hMre11 crystal structure presented here revealed three important findings. First, the hMre11 core, which likely represents the eukaryotic Mre11, forms a remarkably different dimeric architecture with a distinctive dimeric interface, compared with that of the TmMre11, PfMre11, or MjMre11 homologs ( Figures  3A-3C ). We presume that insertion of several loops (in particular, loops a2-b3 and b3-a3) and helices with variable length altered the assembly of hMre11. The presence of the Nbs1 binding loop may prevent the formation of the four helix bundle-mediated assembly of the dimer, as observed in bacterial or archaeal Mre11 homolog. We speculate that this different dimeric arrangement may be required for hMre11 or other eukaryotic Mre11 to recruit other DNA repair proteins for signaling or repair at the damaged site (Mimitou and Symington, 2009) .
Second, the structure reveals a Nbs1 binding site within hMre11. Previous studies demonstrated an interaction between the C-terminal region of Nbs1 and the nuclease domain of eukaryotic Mre11 (Desai-Mehta et al., 2001 ). The structure shows that loop a2-b3, which is critical to Nbs1 binding, is also important for dimerization. Conversely, this conclusion implicates that the dimeric interface of hMre11 may be important for Nbs1 binding. Further studies including the structural studies on Mre11-Nbs1 are required to elucidate the detailed features of Nbs1 recognition by Mre11.
Third, knowledge of the hMre11 structure enhances the understanding of the tumorigenic mutation associated with Mre11 (Bartkova et al., 2008; Fukuda et al., 2001; Giannini et al., 2002; Sjö blom et al., 2006; Stewart et al., 1999) . Importantly, several tumorigenic mutations occur on a Nbs1 binding site around the dimeric interface, which may highlight the significance of the MRN assembly for DNA damage signaling and (A) Synaptic DNA from the PfMre11-DNA complex structure is superimposed on the structure of hMre11 dimer. In contrast to the PfMre11-DNA structure, the two DNA molecules are on opposite sides of the hMre11 dimer.
(B) Two synaptic DNA molecules bound to the PfMre11 (PDB ID: 3DSC). PfMre11-A is positioned in the same orientation as that of hMre11-D in (A). See also Figure S7 .
repair. The structure presented here should allow us to predict potential hMre11 tumorigenic mutations. One of the important issues to be resolved is the basis of the recognition of hMre11 by hRad50 and hNbs1. Recent structural findings on the ATPgS-free and -bound archaeal Mre11-Rad50 complex allow us to speculate on a possible ATP-mediated allosteric regulation mechanism of Mre11-Rad50 (Lammens et al., 2011; Lim et al., 2011; Williams et al., 2011) . Whether the allosteric features of the bacterial/ archaeal Mre11-Rad50 complex are conserved and extended to eukaryotic Mre11-Rad50-Nbs1 requires further structural characterization of the eukaryotic MRN complex. Continuing analysis of the threedimensional structures of the eukaryotic MRN complex will provide additional insights into understanding DNA repair and damage signaling machinery.
EXPERIMENTAL PROCEDURES Protein Expression and Purification
The hMre11 core (residues 1-411) was expressed in Escherichia coli Rosetta (DE3) and purified by Ni-NTA affinity chromatography followed by cation exchange and gel-filtration chromatography. Details of the expression and purification procedures of the hMre11 core and GST-Nbs1 are described in Supplemental Experimental Procedures.
Western Blot
Purified His-Mre11 and GST-Nbs1 (residues 440-754) were mixed and incubated at 8 C for 8 hr in the presence of GST-Sepharose beads. Beads bound to the His-Mre11 and GST-Nbs1 complex were extensively washed with phosphate buffered saline (PBS) and the complex was eluted with PBS containing 10 mM GSH. Western blotting of His-Mre11 and GST-Nbs1 was performed with antibody to a-poly-His and a-GST, respectively, following transfer of electrophoretically separated proteins to a polyvinylidene difluoride membrane using standard immunoblotting techniques.
Crystallization and Data Collection
Crystals of the hMre11 core were grown at 22 C by the hanging drop vapor diffusion method. The crystallization buffer contained 13%-15% polyethylene glycol 3350, 0.1 M bicine-HCl (pH 8.8), 4 mM GSH, 2 mM DTT, and 5 mM MnCl 2 . Diffraction data were collected at -170 C using crystals flash-frozen in crystallization buffer containing 30% (w/v) glycerol. Diffraction data from native crystals were collected at 0.9791 Å on a Beamline 4A apparatus at the Pohang Advanced Light Source. The hMre11 core crystals formed in the space group P2 1 2 1 2 1 with a = 134.8 Å , b = 135.2 Å , and c = 135.4 Å , and contained four hMre11 core molecules in an asymmetric unit. Diffraction data integration, scaling, and merging were performed using the HKL2000 package (Table 1) (Otwinowski and Minor, 1997) .
Structure Determination and Refinement
The structure of the hMre11 core was determined by the single-wavelength anomalous scattering dispersion method. Thirty six Se sites were initially identified and a SAD electron density map with the program PHENIX (Adams et al., 2010) . After density modification including solvent flattening and a four-fold averaging, an electron density map generated at a resolution of 3.5 Å using PHENIX (Adams et al., 2010) showed good quality, which allowed most chains to be traced. Successive rounds of model building using COOT (Emsley and Cowtan, 2004) and refinement using CNS (Brü nger et al., 1998) and PHENIX (Adams et al., 2010) were used to build the complete model. A restrained noncrystallographic symmetry was applied throughout the refinement process. The statistics are summarized in Table 1 .
ACCESSION NUMBERS
Coordinates and structure factors have been deposited with the RCSB database with 3T1I.
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